A portable molecular beam epitaxy system for in situ x-ray investigations at synchrotron beamlines Rev. Sci. Instrum. 83, 105112 (2012) Structure refinement and dielectric relaxation of M-type Ba, Sr, Ba-Sr, and Ba-Pb hexaferrites J. Appl. Phys. 112, 014110 (2012) Space charge effects in ultrafast electron diffraction and imaging J. Appl. Phys. 111, 044316 (2012) Novel cell design for combined in situ acoustic emission and x-ray diffraction study during electrochemical cycling of batteries Rev. Sci. Instrum. 82, 075107 (2011) Additional information on Rev. Sci. Instrum. To extend the range of high-temperature, high-pressure studies within the diamond anvil cell, a Liermann-type diamond anvil cell with radial diffraction geometry (rDAC) was redesigned and developed for synchrotron X-ray diffraction experiments at beamline 12.2.2 of the Advanced Light Source. The rDAC, equipped with graphite heating arrays, allows simultaneous resistive and laser heating while the material is subjected to high pressure. The goals are both to extend the temperature range of external (resistive) heating and to produce environments with lower temperature gradients in a simultaneously resistive-and laser-heated rDAC. Three different geomaterials were used as pilot samples to calibrate and optimize conditions for combined resistive and laser heating. For example, in Run#1, FeO was loaded in a boron-mica gasket and compressed to 11 GPa then gradually resistively heated to 1007 K (1073 K at the diamond side). The laser heating was further applied to FeO to raise temperature to 2273 K. In Run#2, Fe-Ni alloy was compressed to 18 GPa and resistively heated to 1785 K (1973 K at the diamond side). The combined resistive and laser heating was successfully performed again on (Mg 0.9 Fe 0.1 )O in Run#3. In this instance, the sample was loaded in a boron-kapton gasket, compressed to 29 GPa, resistive-heated up to 1007 K (1073 K at the diamond side), and further simultaneously laser-heated to achieve a temperature in excess of 2273 K at the sample position. Diffraction patterns obtained from the experiments were deconvoluted using the Rietveld method and quantified for lattice preferred orientation of each material under extreme conditions and during phase transformation.
I. INTRODUCTION
The diamond anvil cell in radial geometry (rDAC) consists of two opposed diamonds that are used to compress a small polycrystalline sample between the diamond tips (or culets) while synchrotron X-rays are brought in orthogonal to the compression direction. The diamond culets apply uniaxial stress to the sample, which is enclosed in an X-ray transparent gasket. This stress serves to increase the pressure while deforming the sample elastically and plastically. For over a decade, X-ray diffraction patterns obtained from rDAC experiments have been used to study lattice preferred orientation (or texture) and lattice strain development under non-hydrostatic stresses in a wide range of materials at high pressure and temperature. [1] [2] [3] [4] [5] One major drawback to DAC experiments has been the difficulties associated with simultaneously heating and deforming material at high pressure. While large volume deformation devices such as the deformation-DIA 6 and the rotational Drickamer apparatus 7 can heat and deform samples at pressures equivalent to the upper mantle and transition zone of the Earth (which extend to pressures of ∼25 GPa), the DAC remains the only device that can achieve the entire pressure range of the deep earth (to ∼360 GPa). Because of the challenges associated with heating, the majority of texture and lattice strain measurements in the rDAC on lower mantle minerals have been performed at room temperature and high pressure. 4, [8] [9] [10] [11] Room temperature deformational results can be difficult to extrapolate to conditions in the deep earth where materials deform at both high pressure and temperature. Similarly, the properties of advanced materials for engineering applications vary with pressure and temperature. 12 Consequently, in recent years several attempts have been made to develop high-temperature systems to measure deformational behavior at high pressures in the rDAC using either in situ laser heating 3, 13 or resistive heaters external to the anvils. 14 Laser heating, which typically utilizes infrared lasers directed down the compression direction of the DAC, has the advantage of being able to achieve higher temperatures than resistive heating. However, it has the disadvantage that large temperature gradients are generally present within the sample. These temperature gradients are particularly substantial perpendicular to the compression direction, in the radial direction. In recent years significant advances have been made to reduce temperature gradients in the laser-heated diamond anvil cell through the use of double-sided heating, beam shaping optics, and flat-topped laser power distributions. 15, 16 In axial geometry, where the X-ray beam travels parallel to the compression direction of the DAC, the effects of radial temperature gradients are mitigated by using an X-ray beam size that is small relative to the size of the laser-heated spot. The X-rays thus probe only a small region of the sample within the laser-heated hot spot, and the temperature gradient in the region sampled is minimized. Minimizing the effects of temperature gradients is much more difficult for radial diffraction experiments. In radial diffraction, the X-ray beam transverses across the sample in the radial direction and thus samples the large laser spot imposed temperature gradient.
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One solution is to use the combined resistive and laser heating technique in the rDAC. This approach arises from the observations that (1) hot samples typically couple better with infrared laser light, which may be a consequence of vibrational-and/or defect-mediated processes, and (2) having a high background temperature is likely to reduce the temperature gradients associated with laser-heated spots. A study by Li et al. 17 on temperature profile measurements both from experiment and theory shows that lower temperature gradients are present when the sample is held at 600 K through the use of external resistive heating.
External resistive heating within the DAC [18] [19] [20] [21] has the advantages of both a stable thermal environment and a lack of temperature gradients within the sample chamber. Indeed, the importance of these advantages has led to continuing design developments for external heating in the rDAC. Previous studies by Liermann et al. 14 and Petitgirard et al. 22 used an external heater of graphite sheets, similar to the design of Rekhi et al., 20 but modified for radial geometry. These studies showed that their rDAC designs using graphite heating sheets were able to reach 1100 K and 1273 K, respectively. In the recent past, experiments were limited to temperatures below ∼1200 K due to the instability of the diamond anvils relative to graphite at high temperature conditions, particularly in environments that are even slightly oxidizing. Based on the results described below, considerably higher temperatures can be achieved by relying on the metastability of diamond in extremely anoxic environments.
The present work is oriented towards three goals: (1) extending the temperature capabilities of the externally heated diamond cell through design modifications; this includes the combination of resistive heating and laser heating in the rDAC, (2) calibrating the temperature of the sample to the highest temperature attained, and (3) distributing the design and modifications of our high-pressure, high-temperature apparatus to allow these conditions to be reproduced and further improved.
A Liermann-type rDAC for combined laser and resistive heating technique was redesigned and developed at beamline 12.2.2 of the Advanced Light Source (ALS) at Lawrence Berkeley National Lab. The new rDAC was equipped with a more flexible and more efficient membrane frame as well as smaller molybdenum heating rods and graphite heating sheets. Three different geomaterials, FeO, Fe-Ni alloy, and (Mg 0.9 Fe 0.1 )O, were used to test the capability of the technique and optimize the experimental conditions. Rietveld analysis 23 was applied to diffraction patterns obtained from the different experiments to quantify crystal structure and lattice preferred orientation under different pressure and temperature conditions.
II. EXPERIMENTAL SETUP

A. The rDAC for resistive heating
The rDAC consists of two opposing diamond anvils glued on tungsten carbide seats. The seat angles were modified from the Liermann design 14 by increasing the angles from the top plane by 10
• which was helpful in collecting high-angle peaks from powder diffraction data. Two graphite sheets (Alfa Aesar, 97% purity, initially of 1 mm thickness) were placed around the diamonds and used as heaters that sandwich the gasket. The heaters were custom carved to form fit the gasket dimension as well as the incoming and outgoing X-ray beam paths ( Fig. 1(a) ). Heating power was supplied through two molybdenum (Mo) rods, which were held tightly between the two graphite sheets in order to ensure good electrical contact. The geometry of the Mo rods has been significantly modified, since both the power input and the mechanical stability of the furnace hinges on these rods. Thus, they are critical for the success of very high-temperature external heating experiments. To improve the stability of the electrical contact between the rods and heater, the Mo rods were redesigned to have sharp tips instead of a perpendicular extension end. 14 The rods were also enclosed in an alumina sleeve to insulate the cell body from both the electrical current and heat. In contrast to the Liermann design, 14 the Mo rods were brought in to the rDAC from the sides, perpendicular to the compression direction, allowing unrestricted access to the top of the rDAC for laser heating. Two 30 μm diameter type B thermocouple wires (containing Pt with 30% Rh (+) vs Pt with 6% Rh (−)) were used to measure the resistive heating furnace temperature. To prevent shorting, one wire was attached close to the diamond culet (within 1 mm) using ceramic cement while the other was embedded in the graphite heater next to the gasket. A Model BPAN-O-PLUS power supply from Mycropyretics Heaters International, Inc., was used to deliver up to 10 V of power with 200 A of current. The power supply has a UL microprocessor (PID) programmable temperature controller (Eurotherm 2416) with an over-temperature controller and a current limiter. A silicon controlled rectifier (SCR) power controller has a current limiter (extended soft start) interfaced power supply (220 V, 30 A) with a step down transformer that delivers a fixed voltage of 10 V and a variable current (up to 250 A). During the experiment, the temperature controller receives feedback from the thermocouple placed on the diamond side, which then triggers the SCR to reach and maintain the set temperature. The system was cold junction compensated, and the calibration curve was preset for type B thermocouples.
The rDAC and resistive heating array were then assembled in a gas membrane for external pressure control during the experiment. The entire assembly was put inside an aluminum (Al) vessel into which an Ar + 1% H 2 atmosphere was pumped to provide a reducing atmosphere, thus preventing oxidation of the heaters, the rDAC components, and the diamonds. The aluminum vessel (Al-vessel) was redesigned to be more compact, significantly lighter, and hence more geometrically suitable for deployment and usage at beamline 12.2.2 of the ALS than the original Liermann et al. 14 design. The modified Liermann setup at ALS is shown in Fig. 1(b) . The modifications in the Al-vessel render it substantially more portable and easier to mount within size-limited experimental setups. And, as we show below, the temperature range of the redesigned assembly is also substantially augmented, representing a key improvement in performance. The redesigned Al-vessel of the rDAC assembly contains a demountable roof that makes this design of rDAC easier to assemble than the original Liermann design.
14 The Al-vessel was sealed with kapton tape and water-cooled to prevent over-heating of the sample stage. The WC seat angle was further increased from the original Liermann design to allow collection of data to higher 2θ angle. Two copper (Cu) rods support restraints were attached to either side on the top of the outer vessel. These restraints add mechanical stability and particularly prevent twisting of the Mo rods due to stresses associated with their attachment to heavy powerdelivery cables. A spring or glass fiber twine was used to restrain the Cu rods so that they gently forced the Mo rods on to the heater to establish good electrical contact. This geometry, with the power and associated supports entering the cell from the side, allows us to perform combined resistive and single-sided laser heating. The Al-vessel was mounted perpendicular to the incoming X-ray path in order to measure lattice preferred orientation of the sample ( Fig. 1(c) ). Previously, the optical view of the sample along the axial direction of force (through the anvils) was blurred due to a kapton window. In the current setup, a sapphire window is used which provides a clearer view of the sample without compromising temperature capabilities. The sample within the new assembly can be imaged during heating by removing the carbon mirror from the downstream laser and positioning the laser optics above the sample: these changes were partially enabled by an upgrade to beamline 12.2.2 at the ALS.
B. Temperature calibration of the resistive heaters
Previously, Liermann et al.
14 tested the accuracy of the temperature measurement of the resistive heater in the rDAC up to 1077 K by melting of the standards Pb, Al, and NaCl at ambient pressure. Up to 1077 K, the temperature difference between the sample and a thermocouple position inside the graphite heater was ∼30 K. However, the difference between the sample and the heater temperature becomes progressively larger at higher temperatures. A temperature calibration was conducted using type B thermocouples with a 30 μm tip size. The comparison is between (1) a thermocouple put directly between the diamond culet where the sample is located (diamond tip in Fig. 2(b) ) and (2) another thermocouple cemented onto one of the diamond anvils within 1 mm of the culet.
In Fig. 2(a) , the power and temperature measured at the diamond's side were monitored and compared with results from Liermann et al. 14 The combination of the shifts in geometry of the power delivery system and reducing the size of the assembly container has produced a markedly more efficient system. For example, at a power of 120 W, our present system produces temperatures at the diamond tip ∼750 K higher than the original Liermann-type assembly, and the difference becomes progressively larger at greater power ( Fig. 2(a) ).
Offsets between input and output temperatures were also characterized. Input temperature indicates the input from the Rev. Sci. Instrum. 84, 025118 (2013) power supply, which is monitored using the thermocouple positioned on one of the diamonds sides. Offset between the applied temperature at the diamond side and the temperature between the culets is shown in Fig. 2(b) . All temperatures reported below are corrected to the temperature at the sample position based on this calibration, so, for example, a temperature of 1775 K at the sample corresponds to an input temperature of 2093 K (at the diamond side).
Figure 2(c) shows the difference between input temperature and temperature measured at the sample position (i.e., T input -T sample) for six different calibration runs. The relative magnitude of variation between the temperature measured at the diamond side and on the diamond culet is reproducible ( Fig. 2(c) ). Due to the risk that very high temperatures pose to the diamond anvils, most of these calibration runs were performed below ∼1500 K. One calibration run was taken to an input temperature of 2093 K at the diamond side, corresponding to a temperature of 1775 K at the sample position (Fig. 2(b) ). Below ∼1500 K the average standard deviation of the temperature difference shown in Fig. 2(c) is 18 K, and the largest standard deviation is 38 K. A significant source of the scatter in the temperature difference (Fig. 2(c) ) is likely due to the reproducibility of placement of the diamond side thermocouple: although this is nominally 1 mm from the diamond tip, small deviations in its position would be expected to produce the observed scatter. Since the feedback system on the PID maintains the input (diamond side) temperature to within ±1 K, the main source of error in our temperature measurement is due to scatter in the temperature differences in our calibration runs. Thus, we conservatively estimate the errors in temperature measurement to be ∼±40 K. Furthermore, it is possible that there could be temperature gradients across the sample. At the highest temperatures attained (input temperature of 2093 K), the difference between the diamond side and the sample position is 288 K. Since the diamond side thermocouple is ∼1 mm from the diamond tip, this translates to a temperature gradient or 0.3 K/μm. For an 80 μm diameter sample, this corresponds to a 12 K temperature difference between the center of the sample and the edge of the sample. However, we expect that temperature gradients at the tip of the anvils should be lower since the diamond tips are fully surrounded by the graphite heater. Therefore, the temperature gradient across the sample itself created by external heating is likely to be insignificant relative to other uncertainties (less than 10 K).
C. Combined resistive and laser heating
A Nd: YLF laser was used for locally heating the hot sample in the externally heated rDAC assembly. A double parallel YLF mirror was installed at 12.2.2 for convenient switching of the configuration from a double-sided laser heating setup to a single-sided laser heating setup. To allow simultaneous laser-and resistive-heating, it is important to isolate the diamonds completely from the air to avoid traces of graphitization that typically commence at around 973 K in air. Any graphitization results in the inability of the laser to pass through the diamond anvil to the sample and absorption of the laser (and local heating) at the location of graphitization. We used a sapphire window that was attached to the top aluminum vessel to prevent the diamond table from being exposed to air. The controlled atmosphere that surrounded the entirety of the diamonds slows down the rate of conversion to graphite when the sample is resistively heated to high temperatures. The initial alignment of the laser hotspot to the X-ray beam was done using a few grains of LaB 6 calibrant mounted on the tip of a glass fiber, which was aligned to the center of the goniometer stage using a 10 × 10 μm 2 X-ray beam. A Gig-E camera mounted along the laser heating stream allows in situ sample viewing and was used to bring the alignment laser into alignment with the LaB 6 . The LaB 6 was replaced by the externally heated rDAC assembly and aligned to the goniometer stage using the X-ray beam. Finally, to obtain a clear image of the sample, the focus of the top lens in the laser stream was adjusted. As is conventional for spectroradiometry of laser-heated hot spots, Wien's approximation was used to calculate the temperature, as described in Yan et al.
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D. Experiments
In our first demonstration run (Run #1), wüstite (Fe 0.95 O) from the same sample used by Jeanloz and Sato-Sorenson 25 was loaded in a 30 μm hole drilled in a boron disk. This 50 μm thick and 400 μm diameter disk was then embedded in a small rectangular mica sheet as in Liermann et al. 14 (this is modified from a previous boron-kapton gasket geometry 26 ). A tiny piece of Pt (Alfa Aesar foil, 99.95% purity), less than 5 μm diameter, was deposited on the top of the FeO. The xray diffraction pattern of this Pt was used as a pressure standard through the equation of state of Pt from Fei et al. 27 The rDAC was positioned ∼300 mm away from a MAR345 image plate detector. The X-ray beam was collimated to 10 × 10 μm 2 and tuned to 25 keV, or a wavelength of 0.49594 Å, for data collection. A diffraction pattern of LaB 6 obtained with the same X-ray energy and instrument geometry was used to determine the exact sample-to-detector distance and detector orientation and to calibrate instrumental parameters such as diffraction peak shape. Diffraction patterns at each temperature and pressure step were collected for 120 s. FeO was compressed up to 11 GPa and gradually resistively heated to 1007 K (Fig. 3(a) ). Once the pressure and temperature were stabilized, the YLF laser (at 1097 nm) was focused on the sample and used to simultaneously heat the sample to 2273 K, as measured by spectroradiometry. The pressure increased to 20 GPa from thermal effects associated with the combined heating. Both the thermal expansion of the cell and thermal pressure are likely to play a role in this pressure increase, as the estimated thermal pressure associated with a ∼1500 K increase in temperature in FeO is near 10 GPa. 25 In Run#2, Fe-Ni alloy was loaded in a cubic boron nitride (cBN) disk 28 with 50 μm thickness and a sample chamber of 50 μm diameter. The cBN disk was embedded in a small rectangular kapton sheet. 26 In addition, two small discs of MgO (Alfa Aesar, 99.9% metal basis), 5 μm thick and 50 μm in diameter, were placed on the top and bottom of the sample to serve as thermal insulators during single-sided laser heating. The MgO was also used as a pressure standard instead of Pt. 29 The Fe-Ni alloy (bcc-phase at ambient pressure and temperature) was first compressed to 13 GPa and transformed to the hcp-phase. After completely transforming to the hcpphase, the sample was gradually resistively heated to 1007 K (Fig. 3(b) ). The laser heating spot was aligned on to the sample; however, the sample did not couple very well with the laser. Thus, the sample was solely resistively heated up to a maximum temperature of 1785 K (Fig. 3(b) ); this rise in temperature induced an increase in pressure to 40 GPa and transformed the sample to the fcc-phase. The temperature was decreased to 1335 K (1473 K at the diamond side) as the vessel became quite hot after being maintained at 1785 K (1973 K at the diamond side) for 30 min. Pressure was then incrementally increased up to 52 GPa along the 1335 K isotherm. There was a malfunction of the detector while we were collecting Fe-Ni alloy data in the fcc-phase. Thus, only data from the bcc-and hcp-phases were analyzed for lattice preferred orientation.
(Mg 0.9 Fe 0.1 )O was loaded into an amorphous boronkapton gasket 26 in Run#3. A Pt flake was used as the pressure calibrant. The sample was first brought to 3 GPa pressure and gradually compressed to 29 GPa. After reaching 29 GPa, the sample was resistively heated to 1007 K (1073 K at the diamond side). The laser spot was focused on the sample and used to simultaneously heat while collecting diffraction patterns (Fig. 3(c) ). The combined resistive and laser heating on this (Mg 0.9 Fe 0.1 )O sample reached a temperature of 2273 K. During resistive heating, the pressure increased to 66 GPa, due to the combined effects of thermal expansion of the DAC and thermal pressure in the sample.
E. Data analysis
Because of interference from mica peaks in the diffraction images of FeO in Run#1 (Fig. 3(a) ), a Rietveld refinement 23 was not possible. Instead, intensity values were taken every 15
• along the azimuth for the 111, 200, and 220 peaks using the Fit2D code, 30 and smoothed by finding the average intensity within a 10
• range. Values for every 5
• were then interpolated, and the orientation distribution function (ODF) was calculated from the resulting table of angles versus their corresponding diffracted intensities using the BEARTEX software 31 and the WIMV algorithm. 32 The ODF can be represented as an inverse pole figure (IPF) of the compression direction, which shows the probability of finding the normal to the lattice plane (or the pole) in the compression direction. The pole densities are expressed as multiples of random distribution (m.r.d.). Examples are shown in Fig. 4 .
Diffraction patterns of the Fe-Ni alloy and (Mg 0.9 Fe 0.1 )O were analyzed by the Rietveld method 23 as implemented in the MAUD software 33 in order to extract information about lattice preferred orientation. The sample-to-detector distance, wavelength, and instrument geometry were first calibrated with a LaB 6 standard. The diffraction rings were then "unrolled" or integrated along the azimuth over 10
• increments to produce 36 spectra. A stack of the observed spectra show azimuthal variations in peak intensity suggesting the presence of lattice preferred orientation (Fig 3) . Sinusoidal variations of d-spacing also indicate lattice strain in the sample (Fig. 3) . Several factors such as instrumental parameters, scattering background, lattice parameters, microstructure, volume fraction, and lattice preferred orientation were refined to obtain the calculated spectra. Crystal structures of the samples were obtained from the American Mineralogist Database, 34 and preferred orientation was computed using EWIMV, a tomographic algorithm similar to WIMV, 32 using 10
• resolution for the ODF determination and imposing sample symmetry. The BEARTEX software was used to further smooth the ODF with a 7.5
• filter to minimize artifacts from ODF cell structures. Fig. 2(b) .
III. RESULTS AND DISCUSSION
A. Diamond stability at high temperature Run#3 accessed extremely high temperatures via external heating to 1973 K as measured on the side of the diamond. Here, the likely origins for the persistence of diamond under these high temperature conditions are examined. Diamond begins to oxidize and graphitize in air at temperatures above ∼970 K 35, 36 -a fundamental limitation on non-controlled atmosphere environments in externally heated diamond cell experiments. The graphitization occurs entirely at the diamond surface and is crystallographically controlled, with the (100) surface beginning graphitization in air at ∼1120 K, and the (111) and (110) surfaces beginning to graphitize at 970 K. 37 Within oxygen-poor environments (whether in reducedgas or under vacuum), the metastability range of diamond at ambient pressure is markedly enhanced. For example, transmission electron diffraction is required to detect the minimal degree of graphitization of diamond that occurs over a 45 min time span when held at 1773 K, with the rate of graphitization markedly accelerating up to 2273 K. 35, 38 Davies and Evans 39 report that graphitization is not detectable in an inert atmosphere until 1800 K. The relatively large volume change associated with the reversion of diamond to graphite (and the commensurate requirement that a high stress environment be produced by conversion to graphite within the bulk of a diamond) typically confines graphitization to the surface of the diamonds, unless there are micro-cracks or inclusions within the diamond. 39, 35 Several studies have extensively documented hightemperature metastability of diamond without graphitization, including Raman studies to 1850 K in vacuum, 40 SEM analyses in a N 2 atmosphere to 1573 K, 41 and SEM of diamond seed crystal on fibers to 2473 K in a H 2 atmosphere. 36 Modest pressures of 1-8 GPa, such as those that are likely to be associated with diamond tips in externally heated experiments, appear to weakly elevate the temperature of graphitization of bulk diamond, in accord with thermodynamic expectations. 42, 43 In our experiments, the diamonds were pressed into and thus fully encased in the graphite heater. Hence, the diamonds, which survived these experiments, were directly juxtaposed with a large-scale oxygen sink (the graphite furnaces). Furthermore, the entire system is stabilized by a constant rapid flow of Ar + 1% H 2 gas. The presence of 1% H 2 causes any oxygen that enters the system to react to form water or water vapor. As a result, it is likely that no graphitization of the diamonds could occur, as they were present in an entirely reduced environment. Thus, externally heated diamond cells, within a controlled, anoxic environment, would not be expected to encounter significant graphitization until temperatures exceed ∼1750-2000 K over experimental timescales.
Perhaps, more importantly for the operation of externally heated diamond anvil cells, three-point bending experiments on diamond have shown that plastic flow of diamonds initiates above 1773 K, with relatively modest (from a diamond cell perspective) critical shear stress values of 0.5-1.2 GPa measured at 2073 K. 44 This result is in general accord with semi-theoretic constraints on the yield strength of diamond at high temperatures. 45 Larger critical shear stresses (∼3.2 GPa) in a point-loading geometry may induce ductility in diamond at temperatures as low as 1273 K. 46 Hence, the strong possibility exists that the ultimate control on the pressure-temperature range of the externally heated diamond cell may lie not in the metastability of diamond relative to graphite but rather in the high-temperature brittle-ductile transition of diamond itself. The Knoop hardness of diamond decreases by almost a factor of four between 300 and 1473 K, 47 and we would therefore anticipate that ultra-high temperature externally heated cells would be substantially pressure-limited relative to their ambient temperature capabilities. One solution to this issue may be recently developed nano-polycrystalline diamonds. 48 Nano-polycrystalline diamonds are significantly harder and exhibit higher fracture toughness than single crystal diamond. 49 Furthermore, this material retains its strength to high temperatures 50 and thus has the potential to considerably extend the pressure and temperature range of externally resistive heated diamond anvil cells.
B. Gasket materials
For experiments at the highest externally heated temperature conditions, the strength and brittle-ductile transition of the gasket material is likely to be important for the success of the experimental assembly: thus, ceramics such as c-BN or amorphous materials such as amorphous boron may prove to be more useful than metals such as rhenium at these conditions.
In Run#1 on FeO, a boron (amorphous)-mica gasket was chosen, rather than an amorphous boron-kapton combination, because of the high melting temperature of mica. However, mica is not ideal as a gasket material as it is has a complex xray pattern, which results in many additional peaks/streaks in the diffraction patterns (Fig. 3(a) ). The boron-mica gasket was replaced with cBN-kapton material for greater gasket strength at high pressures and temperatures in Run#2. The kapton decomposed to a glass at high temperatures, but this thermally altered material continued to provide mechanical support for the cBN insert and remained X-ray transparent to our most extreme experimental conditions. cBN has some advantages over boron as a gasket material at high temperatures: it is mechanically more stable than boron at high temperature, and it also does not couple with the infrared laser during heating. Thus, the laser beam can be defocused to cover the entire sample in cBN-gasketted samples without the laser coupling to the gasket material. However, cBN diffraction peaks can overlap with sample peaks (the straight lines in Fig. 3(b) ). In Run#3, a boron-kapton gasket was used for (Mg 0.9 Fe 0.1 )O as this minimized diffraction peak overlaps, and is both X-ray transparent and reasonably stable at high pressure and temperature. Thus, for external resistive heating, the use of a kapton jacket is significantly better than mica, but the choice of an amorphous boron or c-BN insert depends on the application. A boron insert is generally more useful; however, c-BN is mechanically more stable and appropriate for usage in combination with laser heating.
C. Texture development
Overall the graphite heaters, particularly in Run#2-3, were quite stable and able to heat the samples in excess of 1000 K over an extended period of time (10 h or more), and the sample assembly was stable in terms of its alignment throughout the heating cycles. The pressure-temperature paths of Run#1-3 as well as selected IPFs are displayed in Fig. 4 . The information about cell parameters, pressure, temperature, texture strength, and differential stress of samples is also summarized in Table I .
Run#1 on FeO
The diffraction patterns in Run#1 contained additional peaks of Fe and Fe 2 O 3 , possibly due to high-temperature disproportionation or oxidation of FeO. Multiple peaks from unidentified contaminants, mica (from the gasket), and carbon (from the heaters) are also present (Fig. 3(a) ). FeO was first compressed to 5 GPa at ambient temperature and developed weak texture at [001] of 1.79 m.r.d. The sample was further compressed to 11 GPa and the texture strength slightly decreased to 1.57 m.r.d. The texture strength increased to 1.71 m.r.d. as resistive heating was applied to 1007 K. FeO still remained in a cubic phase and was laser heated to a combined temperature of 2273 K (measured by spectroradiometry), resulting in a texture strength of 1.88 m.r.d at a pressure of 20 GPa. Figure 4 displays IPFs of FeO at different pressures and temperatures.
Run#2 on Fe-Ni alloy
The Fe-Ni alloy was initially in a body-centered-cubic (bcc) phase. When a relatively small pressure (2 GPa) was applied to the sample, weak texture (1.67 m.r.d.) started to evolve. The sample was further compressed to 13 GPa at which pressure the Fe-Ni alloy transformed to a hexagonal close packed (hcp) phase, 51 and the texture strength decreased to 1.49 m.r.d. The reduced strength in texture is probably due to a larger degree of accommodation of deformation via climb or diffusion-related creep at high temperatures and less via dislocation propagation. Resistive heating was then applied to the sample in small incremental steps up to 1713 K, which was the highest resistively heated temperature recorded. As previously mentioned, a detector malfunction occurred during collection of data in the fcc-phase, and therefore these results could not be analyzed for lattice preferred orientation. Stress and textures generated in fcc Fe have been previously analyzed at pressure up to 36 GPa and 1000 K. 53 and we do not observe any change in texture type with temperature. It appears that at least for this mineral; in the regime of pressure-induced plasticity, temperature does not change deformation mechanisms appreciably, which is significant for applications to the deep Earth.
IV. CONCLUSION
We have achieved a maximum temperature of 1713 K at the sample using the modified Liermann-type externally heated rDAC. At these temperatures, graphitization of diamond was not detectable. The temperature limit of the type B thermocouple restricted further testing to higher temperatures. Furthermore, simultaneous resistive and laser heating can be readily conducted with the new design. Thus: (1) this apparatus can achieve temperatures of the sample on the diamond tip that are substantially higher than any reported previously and (2) the results from our apparatus can be robustly calibrated at extreme temperature conditions. The dramatic extension of the thermal stability range of externally heated diamond anvil cell experiments enhances the range of conditions, and hence experiments that can be conducted using this apparatus. This extends the pressure-temperature capabilities of the externally heated diamond anvil cell through the conditions present within the Earth's mantle to depths in excess of 1200 km. This allows in situ externally heated diamond anvil studies on topics as diverse as interrogating the kinetics of mantle phase transitions, exploring the deformation mechanisms of mantle materials, and conducting petrologic experiments at mid-mantle conditions. Applications also extend to materials science and include mapping phase transitions in pressure-temperature space, exploring orientation variant selections during phase transformations and probing chemistry at extreme conditions. Indeed, this extended range means that a large portion of the pressure-temperature domain primarily occupied by multianvil presses can now be accessed by externally heated diamond cells as well as extended to much higher pressures. Furthermore, the combination of laser heating with the resistively heated rDAC likely provides a way to further extend the available pressure and temperature range, while maintaining relatively small thermal gradients within the sample. Furthermore, we have observed that the temperatures were stable to within a few degrees over a period of 16 to 20 h during our experimental runs.
